Short-term memory is associated with persistent neural activity without sustained input, arising from the 8 interactions between neurons with short time constants 1,2 . A variety of neural circuit motifs could account 9 for measured neural activity 3-7 . A mechanistic understanding of the neural circuits supporting short-term 10 memory requires probing network connectivity between functionally characterized neurons 8 . We 11 performed targeted photostimulation of small (< 10) groups of neurons, while imaging the response of 12 hundreds of other neurons 9,10 , in anterior-lateral motor cortex (ALM) of mice performing a delayed 13 response task 11 . Mice were instructed with brief auditory stimuli to make directional movements (lick left 14 or lick right), but only after a three second delay epoch. ALM contains neurons with delay epoch activity 15 that is selective for left or right choices. Targeted photostimulation of groups of neurons during the delay 16 epoch allowed us to observe the functional organization of population activity and recurrent interactions 17 underlying short-term memory. These experiments revealed strong coupling between neurons sharing 18 similar selectivity. Brief photostimulation of functionally related neurons produced changes in activity in 19 sparse subpopulations of nearby neurons that persisted for several seconds following stimulus offset, far 20 outlasting the duration of the perturbation. Photostimulation produced behavioral biases that were 21 predictable based on the selectivity of the perturbed neuronal population. These results suggest that ALM 22 contains multiple intercalated modules, consisting of recurrently coupled neurons, that can 23 independently maintain persistent activity. discrete attractors 24 , failed to capture key features of the responses to photostimulation: the sparse and 105 persistent changes in activity (Fig. 4a, Extended Data Fig. 10) . 106
Main text 25
Mice expressing the calcium indicator GCaMP6s 12 and the light-activated cation channel soma-targeted 26 (ST) ChrimsonR 13,14 (Extended Data Fig. 1 ) were trained to discriminate two tones. After a delay epoch 27 lasting three seconds, mice reported the identity of the tone with directional licking (Fig. 1a) 15 . We imaged 28 activity in layer 2/3 (125-250 um deep; typical field of view (FOV), 600 x 600 µm 2 ) of the left hemisphere 29 of ALM (8 mice, 84 sessions, 324 trials per session; range, 208 -441 trials; Extended Data Fig. 2 ). On 30 average, 49 neurons (range, 14 -98 , 75% CI; 25 % of the imaged population) per FOV were selective 31 during the delay and early response epochs (mean, 26 right-and 23 left-selective, Extended Data Fig. 3 , 32 one-tailed t-test, p < 0.05) 16, 17 . 33
To probe the circuit basis of persistent activity we used two-photon photostimulation of small groups of 34 neurons (Fig. 1b,c) and measured responses in other neurons ( Fig. 1d-i ). We targeted neurons in groups 35 of eight ('photostimulation group'), which ensured that we could 1) photostimulate sufficient numbers of 36 spatially distributed neurons to potentially alter network activity and 2) observe changes in activity in non-37 targeted selective neurons, as an indicator of network connectivity. Targeted neurons were 38 photostimulated by scanning the beam over their cell bodies for 3 milliseconds (Extended Data Fig. 4) , 39 causing short-latency (mean, 5 ± 2 ms; mean ± s.e.m.) spikes (range, 0.2 -1.5 spikes per stimulus) 40 (Extended Data Fig. 5 ). Neurons in photostimulation groups were photostimulated sequentially, ten times 41 at 31.25 Hz (total duration, 319 ms; Extended Data Fig. 4) . A large proportion of targeted neurons 42 displayed increases in GCaMP6s fluorescence (ΔF/F; mean, 0.43; range, 0.07 -0.80, 75% CI). Photostimuli 43 were applied during the delay epoch (on 33.3 % or 40 % of trials). Multiple (2-5) photostimulation groups 44 were stimulated during each behavioral session. Some groups contained mostly left-selective neurons 45 ( Fig. 1 d-f , top), whereas others were mainly right-selective ( Fig. 1 d-f , bottom). 46 Targeted photostimulation. Two-photon imaging was used to map selectivity of individual neurons during behavior (lick left, red; lick right, blue). Two-photon photostimulation (magenta dashed lines) was used to activate groups of neurons based on their selectivity. c. Measurement of lateral spatial resolution of photostimulation. Left, change in GCaMP6s fluorescence vs. distance between photostimulus (spiral) and imaged neuron (9 neurons). Inset, responses to photostimuli delivered at different distances (µm; 0, 12.5, 25 and 37.5) (magenta bar, photostimulation, 320 ms). Right, example experiment.
(Continued on next page)
In addition to targeted neurons, cells up to 20 µm laterally from the center of the photostimulus could 49 have been directly photostimulated ( Fig. 1c , Extended Data Fig. 6 ). We refer to activated neurons in this 50 neighborhood together as 'directly photostimulated' (Fig. 1f ). Neural activity more than 30 µm from the 51 targeted neurons changed as well ( Fig. 1d) . Control experiments show that changes in activity at distances 52 greater than 30 µm from a photostimulus result exclusively from synaptic interactions with the directly 53 photostimulated population ( Fig. 1c, Extended Data Fig. 6 ). We refer to these neurons as 'coupled '. 54 Photostimulation groups produced detectable excitation in 20 coupled neurons (range, 4 -39 neurons, 55 75% CI, two-tailed t-test, p<0.05), and inhibition in 6 coupled neurons (range, 0 -13 neurons, 75% CI) per 56
FOV. The number of excited or inhibited coupled neurons decreased with distance from the photostimuli 57 ( Fig. 1g ) (length constant, 40 µm). Additional coupled neurons were presumably outside of the FOV. 58
Photostimuli caused transient increases in activity with diverse amplitudes and dynamics (Fig. 1e ). On 59 average, photostimulation increased the activity of targeted ( Fig. 1e ) and directly photostimulated ( Fig.  60 1f) neurons for several seconds (mean, τpg = 3.1 s; range, 2.0 s -4.6 s, 75% CI). The τpg are much longer 61 than the decay of GCaMP6s fluorescence expected after a short burst of activity 12 (τGCaMP6s = 1.1 s, Fig. 1h , 62 green line; Extended Data Fig. 7) . These long-lasting changes in fluorescence likely reflect persistent 63 changes in spiking. Coupled neurons had decay times that were longer than τGCaMP6s and correlated with 64 (Continued from previous page) Figure 1 : Targeted photostimulation during performance of the delayed-response task. df. Top, photostimulation group 1; bottom, photostimulation group 2. d, Example photostimulation experiment. Black ROIs indicate targeted neurons. Dashed circles (radius 20 µm) indicate region with neurons that could be receiving significant direct photostimulation. Pixel color indicates the fractional difference in fluorescence between photostimulation and nonphotostimulation trials, averaged over 500 ms after the photostimulus. (Excited coupled neurons, 22 in group 1, 23 in group 2; Inhibited coupled neurons, 6 in group 1, 7 in group 2; p < 0.05, one-tailed T-test) e. Fluorescence changes (averaged across correct trials) for each of the eight targeted neurons per photostimulation group, on photostimulation (light traces; error shade = s.e.m.) and non-photostimulation (dark traces) trials (trial types: red, left; blue, right). f. Responses averaged across all directly photostimulated neurons per photostimulation group. Gray shading, average selectivity of directly photostimulated neurons (x-axis in panel j). Inset, difference in activity between photostimulation and non-photostimulation trials, averaged across all directly photostimulated neurons in a photostimulation group (D activity pg).g. Percentage of neurons with activity that is directly excited (gray) or coupled (black, excited; white, inhibited) by photostimulation, as a function of distance (from the nearest photostimulation target). h. Decay times (τpg) of D activity pg (panel f, inset). Traces are color-coded based on decay time (gray lines). Green line, fluorescence decay after a brief burst of activity (Extended Data Fig. 7d ). Magenta bar, time of photostimulation. i. Decay time constants of coupled neurons (τcoupled) vs. τpg. j. τpg vs. average selectivity of the directly photostimulated neurons (panel f). τpg ( Fig. 1i , Pearson correlation = 0.49, p < 10 -5 ), suggesting that photostimulation triggered self-sustaining 65 activity. This activity was confined to a sparse subset of the persistently selective neurons. τpg were longest 66 when the directly photostimulated population was selective for rightward licking (Fig. 1j , Pearson 67 correlation = 0.28, p = 5x10 -5 ). These data show that photostimulation of small groups of neurons can 68 change activity in sparse populations of coupled neurons, and these changes outlast the photostimulus 69 for several seconds. 70
Persistent activity is thought to be generated by recurrent connections between neurons with similar 71 tuning 18,19 . We tested for specificity in functional connectivity by analyzing the responses of coupled 72 neurons. We first analyzed photostimulated and coupled neurons based on their selectivity in trials 73 Coupling strength (ΔR and ΔL) vs. average selectivity of directly photostimulated neurons ( Fig. 1f ). Data were binned in quintiles along xaxis (Error bars, s.e.m.). c. Top, Coupling strength (ΔR and ΔL) in response to photostimulation of R neurons vs. distance to nearest photostimulation target (corresponding to box in b.). Bottom, average selectivity of coupled R and L populations vs. distance to nearest photostimulation target. d. Coupling strength in each coupled neuron vs. its average correlation with all directly photostimulated neurons. without photostimulation. We determined whether the directly photostimulated population was mostly 74 right-selective (R) ( Fig. 2a , top) or left-selective (L) (Fig. 2a , bottom) and then analyzed ( Fig. 2a , right) 75 separately the responses of coupled R and L neurons. Responses were stronger in coupled R neurons 76 when R neurons were photostimulated, consistent with like-to-like excitation ( Fig. 2b , blue line; Pearson 77 correlation = 0.15, p = 0.0025). However, coupled L neurons responded weakly to photostimulation of 78 both R and L neurons ( Fig. 2b , red line; p = 0.37). The like-to-like excitation from R neurons decreased 79 steeply with distance ( Fig. 2c, top) , even though selective neurons were present throughout the field of 80 view (Fig. 2c, bottom) . These results suggest that recurrent excitation between sparse subsets of nearby 81 R neurons (i.e. selective for contralateral movements) may contribute to maintenance of persistent 82 activity. In addition, the strength of coupling was largest in neurons with trial-to-trial variability that was 83 most correlated with the directly photostimulated neuronal population ( Fig. 2d ; Pearson correlation = 84 0.05, p < 10 -5 ), suggesting that coupling reflected synaptic interactions, and consistent with like-to-like 85 excitation. 86
Selective delay epoch activity of ALM neural populations is causally linked to the direction of future 87 licking 12 . Because targeted photostimuli produced changes in delay epoch activity that persisted until 88 movement onset we tested for effects on animal behavior. A substantial proportion of photostimulation 89 groups produced changes in behavior (p < 0.05, bootstrap; 22/215 and 35/215 photostimulation groups 90 on right and left trials respectively) ( Fig. 3a) , nearly two-fold greater than expected by chance ( Fig. 3b , 91
Extended Data Fig. 8 , p < 0.001 Kolmogorov-Smirnov test; Methods). These behavioral changes are 92 consistent with other studies that have manipulated small numbers of neurons during behavior 20-22 . 93 To test how behavioral changes relate to selectivity of the photostimulation group, we calculated the net 94 selectivity produced by the perturbation at the population level. For each imaged neuron we separately 95 calculated the average photostimulated change in activity and the average selectivity. We then defined 96 the 'activated population selectivity' as the product of these two quantities, summed across the population ( Fig. 3c-e ). Activated population selectivity was correlated with a bias in lick direction ( Fig constraints on circuit models. We found that common attractor models, monolithic line attractors 23 and 104 To further test if this modular architecture is consistent with targeted photostimulation experiments, we 112 fit 25 model networks directly to the population recordings in photostimulated and non-photostimulated 113 trials ( Fig. 4d ). The resultant inferred networks were biased towards local connectivity ( Fig. 4e) , reflecting 114 the length scale of the photostimulation-response ( Fig. 1g, Fig. 2c ) and local cortical connectivity 26,27 . 115 Connections between R neurons were stronger than connections between L neurons ( Fig. 4e ) enabling 116 the inferred networks to produce longer time scale responses to photostimulation of R neurons than L 117 neurons ( Fig. 1j ). Analysis of the local connectivity revealed that the inferred networks resemble the 118 modular network in Figure 4c (Extended data Fig. 10 ). Networks trained to match only the non-119 photostimulation trials exhibited significantly weaker connections that resembled the monolithic network 120 ( Fig. 4b ), demonstrating the power of perturbation experiments to constrain neural network models. 121
We used calcium imaging simultaneously with targeted photostimulation to probe coupling of functionally 122 identified groups of neurons during behavior. These experiments revealed "like-to-like" connectivity 123 between R neurons in the left hemisphere of ALM, and less tuned excitation for L neurons, consistent with 124 previous experiments showing stronger noise correlations in spiking between R neurons than L neurons 15 . 125
Transient perturbations of small groups of neurons caused network responses lasting several seconds, 126 modifying the internal state of a key-circuit for decision-making and modulating behavior seconds later. 127
Even when considering neurons with similar functional properties in a neighborhood, the evoked 128 persistent responses were limited to a subset of neurons. In standard attractor models, activation would 129 spread globally. We propose modular networks with dynamics that are consistent with the data. We 130 hypothesize that these networks may be less sensitive to noise than line-attractor networks, and have 131 higher memory capacity than discrete attractor networks. 132
Our finding that local photostimulation produces persistent changes can be reconciled with previous 133 studies showing that ALM dynamics recover rapidly from network-wide photoinhibition 18, 19 . We then counted the number of neurons for which the resulting p-value was less than 0.05. 240
, . , , in neuronal excitability during behavior we performed additional experiments to estimate the lateral 280 spatial resolution of group photostimulation during behavior. As in Figure 1 , we selected groups of 8 281 neurons to photostimulate during behavior (red). Additionally, we selected groups of 8 non-neuronal 282 spots to target for photostimulation (cyan). For the groups of non-neuronal spots, we find that there is 283 weak activation of neurons within 20 microns of a target, but no significant changes were observed more 284 than 30 microns away from a target location. Because photostimulation of non-neuronal spots fails to 285 produce changes in activity at distances greater than 30 microns from the photostimulation target, we 286 treat any neurons located 30 microns or more from a target throughout the text as "coupled". In addition, 287 we treat any neurons located within 20 microns of a target whose activity was significantly altered as 288 after short bursts of activity in anesthetized mice. We analyzed simultaneously recorded cell-attached 293 electrophysiology and two-photon imaging of GCaMP6s in the visual cortex 1, 5 to assess the decay of 294 GCaMP6s fluorescence. The decay time constant is the time at which the activity decays to 1/e of its peak 295 value. We analyzed the fluorescence traces following bursts of 1, 2, 3 or 4 action potentials and found τ's 296 of 1.2s, 1s, 1s and 0.9 s respectively. 297 b. We fit each fluorescence response with the kernel (green traces) according to the equation: 298 299 and obtained the following average parameter values: a = 0.31 τdecay = 0.87 s and τrise = 0.06 s. 300
We used to estimate the spiking dynamics underlying the fluorescence responses of directly 301 photostimulated neurons by deconvolving each trace in Figure 1h with the kernel . Prior to 302 deconvolution, traces were smoothed with a cubic smoothing spline (MATLAB; csaps, P = 0.96). We found 303 that 95% of photostimulation groups produce changes in estimated spike rate that remain elevated 2 304 seconds or longer following photostimulation. c. We also used known rapid spike rate changes in ALM to 305 estimate the GCaMP6s decay time during behavior 6 . ALM contains neurons in which selectivity peaks at 306 the end of the delay epoch and rapidly decays to zero following the response cue. Example neurons with 307 late-delay right (top) and left (bottom) selectivity 7 are shown. Fluorescence dynamics in these neurons 308 will enable us to estimate the GCaMP6s decay time constant by observing the decay of selectivity 309 following the go-cue. d. We identified neurons with late delay epoch selectivity (Two-tailed T-test, p<0.2) 310 that was greater than the response response epoch selectivity (Two-tailed T-test, p>0.2). On average we 311 found 13.5 such neurons per session (6 -22). The traces show the average of right (top) and left (bottom) 312 selective neurons. e. We next plotted the average selectivity of these delay selective neurons as calculated 313
in Extended Data Fig. 3 . From the electrophysiological recordings, we assume that spike rate selectivity of 314 these neurons drops to zero. We found that selective fluorescence decayed with τ = 0.98 s, consistent 315 with the measured decay times of GCaMP6s in a. This is expected to be an upper bound on the GCaMP6s 316 f. To test if the persistent changes in activity could also be evoked during periods of quiet wakefulness, on 319 a subset of experiments we photostimulated the same groups of neurons immediately after the animal 320 completed the behavioral session (3 mice, 10 photostimulation groups). We found that the activity 321 averaged across all groups and directly photostimulated neurons decayed more slowly during the task 322 than in the non-task period. g. For each directly photostimulated neuron (84 neurons), we calculated the 323 decay time constant both during the task and during the non-task period. Decay time constants during 324 the task (τ = 3.1 s, 1.8 s -4.3 s, 75% CI) were significantly longer than time constants outside of the task 325 immediately after the sample period. Training sought to produce a change in activity along the persistent 361 mode during photoinhibition followed by a rapid recovery after the offset of photoinhibition. b. We found 362 that the trained network not only matched the target output, but also produced graded persistent activity 363 in response to varying the amplitude of the external inputs. Magenta traces show the response of the 364 network to broad photoinhibition illustrating the network's robustness to these particular perturbations. 365 c. To illustrate the widespread nature of the photoinhibition, we plotted the change in activity resulting 366 from photoinhibition for each module. d. Finally, because of the long intrinsic modular time constants, we 367 found that targeted photostimulation of small numbers of modules produced changes that persisted for 368 several seconds. e. To assess whether targeted photostimulation cause sparse changes in network activity 369 as in our data (Fig. 1g, Fig. 4a ) we plotted the change in activity due to photostimulation for each module. 370
The amplitude of excitation in the three targeted modules is significantly larger than in all other modules. 371 f. A hybrid discrete/continuous attractor model 8 , can also produce rapid recovery to broad 372 photoinhibition and persistent changes from targeted photostimulation. In this model, a fined-tuned 373 Figure 4b -c is the presence of a single persistent mode of activity in the 383 monolithic network and multiple distinct persistent modes in the modular network. More precisely, the 384 monolithic network has a single mode with eigenvalue equal to 1 and the modular network has 10 such 385 eigenvalues. We use this fact to develop an analysis aimed at determining which of these two models 386 more closely resembles the connectivity inferred from the data in Figure 4d -e. 387 a. If we were to draw a box around one of the modules in Figure 4c , we would find that the maximum 388 eigenvalue of this subnetwork is 1, whereas an equivalent box in the monolithic model in Figure 4b would  389 have a maximum eigenvalue of 0.48. To extend this "local eigenvalue" analysis to the inferred networks 390 in Figure 4d -e we wouldn't know which neurons to draw this box around, so to make the analysis more 391 general, we instead draw many boxes at random locations along the diagonal and calculate the maximum 392 eigenvalue of subnetwork within the box. b. On average, the modular network has larger local eigenvalues 393 (mean, 0.94, range, 0.84 -1.0, 75% CI) than the monolithic network (mean, 0.62, range, 0.61 -63, 75% 394 CI; error bars, s.e.m.). 395 c. For the inferred connectivity matrix (Fig. 4d-e ), we identify all neurons within 70 µm of a 396 photostimulation target whose activity was significantly perturbed by photostimulation ( <0.05, 397 methods), and calculate the maximum eigenvalue of this subnetwork. We find that the largest local 398 eigenvalue in networks trained to match photostimulation and non-photostimulation trials was similar to 399 the modular network in Fig. 4c (mean, 0 .98, range 0.75 -1.27, 75% CI). Networks trained to match the 400 activity during non-photostimulation trials only (d) had a maximum eigenvalue that were similar to the 401 monolithic network (mean, 0.41, range, 0.19 -0.62, 75% CI). Institutional Animal Care and Use Committee. During surgical procedures mice were anesthetized using 438 1-2 % Isoflurane. After surgery mice were given Buprenorphine HCl (0.1 ml, 0.03 mg/ml). Ketoprofen (0.1 439 ml, 0.1 mg/ml) was provided on the day of surgery and for two days following surgery. Three millimeter 440 circular craniotomies were centered over ALM (2.5 mm anterior and 1.5 mm lateral from Bregma). Virus 441 (10 12 titer; AAV2/2 camKII-KV2.1-ChrimsonR-FusionRed; Addgene, plasmid #102771) was injected 400 µm 442 below the dura (4-10 sites, 20-30 nl each; or 2 sites, 100 nl each), centered within the craniotomy and 443 spaced by 500 µm. The craniotomy was covered by a cranial window composed of 3 layers of circular glass 444 (total thickness, 450 µm). The diameter of the bottom two layers was 2.5 mm diameter. The top layer was 445 3 mm or 3.5 mm and rested on the skull. The window was cemented in place using cyanoacrylate glue and 446 dental acrylic (Lang Dental). A custom headbar was attached just anterior to the window using 447 cyanoacrylate glue and dental cement. After 3-7 days of recovery mice were placed on water restriction 448 (1 ml/day). Behavioral training started 3-5 days later. Coexpression of GCaMP6s and ChrimsonR was 449 confirmed in histological sections imaged using an inverted confocal microscope (Extended Data Fig. 1;  450 Zeiss, LSM 880 Airyscan).
Behavior.
Behavioral training was performed as described previously 2,3 . Briefly, mice were presented with 452 one of two auditory cues. Half of the mice were trained to discriminate between 3kHz and 12kHz pure 453 tones and the other half were trained to discriminate between white noise or an equally weighted 454 combination of pure tones with frequencies of 0.5, 1, 2, 4, 8 and 16 kHz. No qualitative differences in ALM 455 activity resulted from using different sets of auditory stimuli. During the sample epoch (1.25 seconds) 456 white noise was played continuously whereas tones were played for five repetitions of 150 ms pulses with 457 100 ms inter-pulse intervals. During the sample and delay epochs, the lickports were out of reach of the 458 mouse 4 . The lickports began moving towards the mouse 2.6 seconds after the start of the delay, arriving 459 3 seconds after the start of the delay. The arrival of the lickport served as a 'go cue' for the mice to begin 460 licking. Mice were allowed to lick for reward 3 seconds after the start of the delay epoch. The field of view was adjusted according to the spatial range of opsin expression (one of: 585µm x 599µm, 478 512x512 pixels, 30 Hz; 814µm x 732µm, 640x640 pixels, 24 Hz; 968µm x 822µm, 700x700 pixels, 22 Hz). 479
Imaging was restricted to layer 2/3 of anterior lateral motor cortex (ALM), 125-250 microns below the 480 surface of the brain. 481
Photostimulation and behavior experiments. Neurons were chosen for membership in a 482 photostimulation group based on their selectivity in either the early delay, late delay or early response 483 epochs. Selectivity of individual neurons was either determined based on activity in the first 30-70 trials 484 in a session, or activity measured on the previous day. After defining 2-5 photostimulation groups (8 485 neurons each) for a session, the photostimulation targets were loaded into ScanImage using custom 486 Matlab software. Each neuron was photostimulated for 3 ms each, with 1 ms between photostimulation 487 of different neurons (Extended Data Fig. 4 ). After all 8 neurons had been photostimulated 488 (8x(3ms+1ms)=32ms) the first neuron was photostimulated again until each neuron was photostimulated 489 10 times, for a total of 10x32ms = 320ms. The power of the photostimulation beam at the sample was 490 100-150mW. Because this power was sufficient to excite GCaMP fluorescence, all imaging frames acquired 491 during the photostimulation were discarded. Photostimuli were typically provided one second after start 492 of the delay epoch (138/215 photostimulation groups), but in some experiments we photostimulated one 493 second earlier (61/215 groups) or later (16/215 groups). Photostimulation and control trials were 494 randomly interleaved, with photostimuli delivered on either 33% or 40% of trials. 495
Electrophysiology. Extracellular voltage was recorded in lightly anesthetized mice (0.75% isoflurane) with 496 cell-attached recordings. Signals were acquired using an Axopatch 700B amplifier (Molecular Devices) at 497 20 kHz (http://wavesurfer.janelia.org). Electrodes with 10 MΩ impedance were filled with ACSF (in mM): 498 125 NaCl, 5 KCl, 10 dextrose, 10 HEPES, 2 CaCl2, 2 MgSO4, pH 7.4 and advanced toward a neuron of interest 499 in layer 2/3 of primary motor cortex with 1 psi of positive pressure. Neurons were photostimulated with 500 a train of 10 3-ms spirals with a 28-ms inter-spiral interval at 50, 100 and 150 mW. 501
Analysis of calcium-related fluorescence dynamics. Regions of interest (ROIs) corresponding to cell 502 bodies were generated using a semi-automated algorithm 5 . Cell bodies were identified in images averaged 503 across a session, and images in which all frames corresponding to correct lick-left trials were averaged 504 and subtracted from an average of all frames from correct lick-right trials. These selectivity maps 505 (Extended Data Fig. 3a) were used for choosing neurons for photostimulation and also for ensuring that 506 all selective neurons were included in analysis.
was calculated for each cell by defining 507 baseline fluorescence (F0) as the average fluorescence during the pre-sample period averaged across all 508 trials. Fluorescence traces were then separated by trial-type. The fluorescence trace at time t of neuron i 509 on trial number j, trial type k (left, k = L; right, k = R; both left and right, k = L&R) and photostimulation 510 group number s (non-photostimulation, s = non.; photostimulation of group pg, s = pg) is . In this 511 notation the fluorescence of neuron i on the jth lick right trial with photostimulation of group pg is 512 . 513
Selectivity. Selectivity for trial type was used to choose neurons for photostimulation and to group 514 neurons for analysis. Selectivity is the trial-averaged difference between fluorescence for left and right 515 correct non photostimulation trials, around the go cue (tcue): 516 517 Change in activity caused by photostimulation. The trial-averaged change in activity produced by the 518 photostimulation group pg on the ith neuron is (Fig. 1f,h) : 519 where is the end of the photostimulus for group pg. is the p-value (two-tailed t-test) comparing 524 the distributions of and for each neuron. We refer to all neurons that were within 20 525 µm of a photostimulation target with < 0.05 as directly photostimulated. Neurons with < 0.05 526 were plotted in Figure 1g ('perturbed'). 527
The average selectivity of all directly photostimulated neurons is (Fig. 1f , gray shading; Fig.  528 1j; Fig. 2b, x-axis; Fig. 2c , bottom, y-axis). Here is the average selectivity, , divided by the standard 529 deviation in fluorescence of neuron i (z-scored), normalized to have R 2 norm equal to one. 530
Persistence of photostimulation. To quantify the persistence of the change in activity produced by 531 photostimulation, we averaged the trial-averaged change in activity across all directly photostimulated 532 neurons, (Figure 1h ). We define the decay time constant as the time at which 533 decays to 1/e of its peak value. Because many photostimulation groups produce 534 changes that remain larger than 1/e of the peak after 3 seconds, we fit using 535 . 536
is the time when the fit decayed to 1/e (Figure 1h-j) . Only photostimulation groups with 537 photostimulation starting at one or zero seconds after the start of the delay epoch (199/215 groups) were 538
Relationship between directly photostimulated neurons and coupled neurons. The coupling strength 541 from directly photostimulated neurons in group pg with neuron i was calculated as: 542 543 for all neurons more then 30 µm from a photostimulation target ( Fig. 2b-d , y-axes). Coupling in R 544 and L populations was calculated as the average of the coupling strength for all R and L (Fig. 2b,  545 y-axis) neurons where the contribution of each neuron was weighted by the normalized selectivity : 546 547 . 548 is the distance of neuron i to the nearest photostimulation target in group pg. and 549
were computed by using non-overlapping groups of randomly sampled non-550 photostimulation trials. Data were binned in quintiles according to the selectivity of the directly 551 photostimulated neurons (Fig. 2b, x-axis) . We further analyzed coupled responses to photostimulation of 552 the groups with the strongest right selectivity (Top quintile; Fig. 2b, dashed box) . To assess the distance 553 dependence of specific coupling, we calculated and in bins of 20 µm width from 30 -250 µm 554 ( Fig. 2c, top) . In these bins we also calculated the average normalized selectivity (Fig. 2c, bottom) . 555
We calculated the noise correlation ( Fig. 2d ) between two neurons i and j as: To relate changes in behavior to photostimulated changes in activity, we calculated 'activated population 570 selectivity' (Fig. 3c-f ) as the overlap between the photostimulated change in activity 571 and trial-type selectivity, . At the population level, the change in activity induced 572 by photostimulation was relatively sparse (Fig. 1d, Fig. 4a ) and trial-to-trial variability was substantial. We 573 isolated the effects mediated by photostimulation from normal trial-to-trial variability. We first divided 574 the photostimulation trials into two halves, a testing and training set. We next determined a 575 photostimulation subspace via an SVD decomposition on the first half of the photostimulated data We then projected the change in activity from a separate subset of trials ( ) onto 579 this photostimulation subspace to obtain the photostimulation vector ( Fig. 3c-e ). 580 581 where the m denotes the mth column of . Because we found that 93% of the RMS signal of 582 was contained in the first mode of we limited analysis to this mode (i.e. 583 M=1). A qualitatively similar relationship between activated population selectivity and behavioral bias was 584 observed for M = 2. Activated population selectivity ( Fig. 3f; x-axis) was calculated as: 585 586 Random sampling of training and testing subsets was repeated 10 times and the average activated 587 population selectivity was computed for each photostimulation group. The same analysis was repeated 588 by splitting non-photostimulation trials into two non-overlapping sets and treating one set as if it were 589 from a photostimulation experiment. This sham photostimulation subset was selected to have the same 590 number of trials as the actual photostimulation experiment (Fig. 3f, gray) , and was further split in half into 591 randomly sampled training and testing subsets for 10 repetitions as described above for the actual 592 photostimulation experiments. 593
Network models. The spike rate of model neuron i was determined by the equation: 594 595 Where is the connection from neuron j onto neuron i, is the synaptic time constant (taken to be 596 100 ms), G is the synaptic non-linearity and is the external input. For the non-modular network with 597 local connectivity (Fig. 4b) 
